The effects of several calmodulin antagonists, such as N-(6-aminohexyl)-5-chloro-l-naphthalene-sulfonamide hydrochloride (W-7) and its dechlorinated structural analogue (W-5), on the growth and proliferation of cultured and transplanted glioma (GA-1, chemically induced from rat glioblasts) were evaluated. Under culture conditions, the concentration of W-7 necessary to exert 50% inhibition of GA-1 glioma cell growth was 50 uM. However, W-5, with a lower binding affinity to calmodulin than W-7, caused no definite inhibition of the proliferation of GA-l cells in culture. When a low concentration of W-7 (12.5 uM) was added to the culture medium, deoxyribonucleic acid (DNA) synthesis in the GA-I glioma cells was not markedly affected, whereas both ribonucleic acid (RNA) and protein syntheses were strongly suppressed on incubation for 24 hours. When a high concentration of W-7 (25.0 to 75.0 ~M) was applied to the medium, synthesis of DNA, RNA, and protein was distinctly inhibited. When W-7 (50.0 t~M) was added to the incubation medium, the calmodulin concentration in the cultured GA-1 was reduced to as much as half the control level within 2 hours, and thereafter remained at this level. Whereas control rats intraperitoneally transplanted with GA-1 cells could survive for 14 to 21 days, daily intraperitoneal injections of W-7 at concentrations of 1.0, 3.0, and 10.0 mg/kg body weight prolonged the survival span to between 21 and 26 days; this corresponded to an increased life span of about 40% compared to the controls.
I
T is well known that Ca ++ and its regulatory protein calmodulin play an important role in the process of cell proliferation ~~ and deoxyribonucleic acid (DNA) synthesis. ~2 Malignantly transformed tumor cells are known to contain a higher concentration of calmodulin than do normal cells, 18 and a positive correlation between the intracellular calmodulin content and extent of cell growth has been demonstrated. 14-~6 Thus, this protein seems to be involved in the growth and proliferation process of both normal and tumor cells. If the intracellular calmodulin level of the tumor cells can be reduced by the addition of an exogenous calmodulin antagonist, the aberrent growth of glioma cells may be decelerated. The purpose of the present study is to examine the effect of calmodulin antagonists on the proliferation of cultured glioma cells and on the growth of transplanted tumor cells in rats.
Materials and Methods

Celt Lines and Culture Techniques
All experiments were performed using GA-I cells, which were chemically induced from cerebellar glioblasts of rat fetus (an 18-week embryo). The glial characteristics of GA-1 cells have been described previously. 8 The cells contain: 2',3'-cyclic nucleotide 3'-phosphohydrolase (CNPase), a marker enzyme of myelin and oligodendroglia, with an activity of 182 nmol nicotinamide adenine dinucleotide phosphate (NADP) reduced/min/mg protein; glial fibrillary acidic protein (GFAP), an astroglial marker, with 0.7 U/rag protein; and S-100 protein, also a glial marker, with 430 ng/mg protein. The culture medium was basically an F-10 medium supplemented with 10% fetal calf serum (FCS), 40 U/ml penicillin, and 200 #g/ml streptomy-cin.* The cells were cultured in a Falcon plastic flask in an air:CO2 atmosphere of 95%:5% at 37~ For the examination of cell growth rate, viability, and biosynthesis of DNA, ribonucleic acid (RNA), and protein, dishes each containing six 9.8-sq cm wells were used, and the calmodulin content was determined from cultivated cells grown in 100-mm Falcon Petri dishes.
Examination of Cell Viability
Viability of the cultured cells was determined by counting the number of cells stained with 0.2% trypan blue-saline solution. The cells were grown in a monolayer on the culture flask surface; the culture medium was then removed and a 0.25% trypsin solution containing 1 mM ethylenediaminetetra-acetic acid (EDTA) was introduced. The cells were next incubated for 5 minutes longer to dislodge them from the surface of the container, and the flask was shaken gently by hand. The cells were then homogeneously suspended by gentle pipetting of the cell suspension in Yris-buffered saline (0.02 M Tris-HC1 buffer, pH 7.4, with 0.15 M NaC1), and the number of cells in the suspension was counted by a hemocytometer.
Drug Treatment
Cells were treated with the calmodulin antagonist N-(6-aminohexyl)-5-chloro-l-naphthalene-sulfonamide hydrochloride (W-7), which has a higher binding affinity to calmodulin molecules than does its dechlorinated structural analogue W-5. Both antagonists were solubilized in a 0.02-M Tris-HCl buffered solution, pH 7.4, at concentrations of 25.0 uM, 50.0 ~M, and 75.0 uM. The drug solution was sterilized by passing it through a Millipore filter (pore size 0.22 urn) immediately prior to the experiment. About 1 x 105 cells were placed in each well, and the dishes were incubated for 24 hours at 37~ During incubation, the culture medium was replaced every 48 hours with fresh F-10 medium conraining 10% FCS, with or without W-7 or W-5.
Biosynthesis Assays
Synthesis of DNA was determined by the method of McLeester and HalP ~ with a minor modification. The GA-1 cells that grew were incubated for 24 hours at 37~ in the standard F-10 medium containing 0.05 uCi/ml of methyl-(3H)-thymidine. The medium was aspirated and the cells were washed at least twice with the Ca ++-and Mg++-free buffer solution. The cells were then dislodged from the surface of the flask by adding a 0.25% trypsin solution and incubating the mixture for 5 minutes. The cell suspension was transferred into a small plastic test tube and centrifuged at 3000 rpm for 5 minutes. The resulting pellet was solubilized by the addition of 50 ~tl of 0.5% sodium dodecyl sulfate, * F-10 medium obtained from Gibco Laboratories, St. Lawrence, Massachusetts; fetal calf serum No. 203160 obtained from Irvine Scientific, Santa Ana, California.
followed by sonification for 5 seconds with a microultrasonic cell disruptor. Then 20 ul of the solubilized cell homogenate was placed on a Whatman filter paper which had previously been acidified with 40 ~1 of 20% trichloroacetic acid (TCA). The filter paper disc was then washed once by dipping it in an ice-cold TCA solution for 10 minutes to fix the radioactivity on the disc. The same procedures, using 3H-uridine for RNA and 3H-valine for protein synthesis, were performed to determine RNA and protein synthesis in the cells. The radioactivity collected on the filter paper disc was counted with a liquid scintillation spectrometer.t
Measurement of Calmodulin in GA-1 Cells
The concentration of soluble calmodulin in cultured GA-1 glioma cells was determined by the radioimmunoassay method of Wallace and CheungJ 7 The cells were incubated at 37~ with or without W-7 at a concentration of 50 uM in the culture medium for 2, 6, 12, or 24 hours and then washed twice with 2 ml of ice-cold 0.02 M Tris-HCl-buffered saline, pH 7.4. The cells attached to the surface of the flask were dislodged with a rubber scraper, suspended in the solution, centrifuged at 3000 rpm for 5 minutes, and collected as a pellet at the bottom of the test tube. The pelleted cells were diluted with two volumes of buffer A (3 mM MgSO4, 1 mM dithiothreitol, and 1 mM ethyleneglycolbis-(#-aminoethyl ether) N,N'-tetra-acetic acid (EGTA) in 0.05 M Tris-HC1 buffer, pH 7.8) and then homogenized thoroughly using a Polytrone high-speed homogenizer. The homogenate was centrifuged at 100,000 G for 20 minutes, and the resulting supernatant was used for calmodulin measurement. The sample was heated at 95~ for 4~ minutes to denature the contaminating protein, and centrifuged for 1 hour to eliminate the protein. The amount of calmodulin in the clear supernatant solution thus obtained was determined with an iodine-125 calmodulin kits with triplicate conductions. The protein content of the sample was also measured by the method of Lowry, et at., ~ with bovine serum albumin as a standard.
Evaluation for Antitumor Activity of W-7 In Vivo
Newborn male rats of the Wistar King Aptekman strain, each weighing 18 to 23 gin, were used for testing antitumor activity of W-7. Each received 10 ul of the cultured GA-1 cell suspension containing 1 x 106 cells by aseptic injection into the peritoneal cavity. The tumor-transplanted rats were raised with their mother in the animal ward at a constant temperature (23 ~ _+ I~ and relative humidity (55.5% _+ 5%) and were fed a solid breeding diet.
t Liquid scintillation spectrometer, Model LS-3133T, manufactured by Beckman Instruments, Inc., Palo Alto, California.
:~ Calmodulin kit manufactured by New England Nuclear Corp., Boston, Massachusetts. Beginning the day after tumor transplantation, 10 #1 of W-7 at concentrations of 1.0, 3.0, and 10.0 mg/kg body weight was administered intraperitoneally to the tumor-bearing rats daily for 10 days. As a control, the same volume of a 0.02-M Tris-HCl-buffered solution was given to another group of GA-l-bearing animals. The injected rats were fed a normal solid diet and their behavior was observed twice a day until their death. Antitumor activity was expressed as increased life span (ILS, in %) of the tumor-beating rats, as follows: ILS = [(mean survival days of the drug-treated rats) -(mean survival days of the control rats) / (mean survival days of the control rats)] x 100. Figure 1 shows the growth rates of GA-1 tumor cells during incubation in the standard F-10 medium containing FCS, with or without W-7 or W-5. The plated GA-1 cells increased in number exponentially over 2 to 6 days and reached saturation level at 10 days in the control medium without calmodulin antagonists. Cell proliferation was suppressed in a dose-dependent manner with the addition of W-7 to the incubation medium at concentrations of 25.0, 50.0, and 75.0 uM; growth was completely inhibited by the addition of 75.0 #M of W-7. The viability of these cells grown during incubation (expressed as the percentage of cells stained by trypan blue among the total cells) was decreased by the addition of 75.0 uM of W-7 to the medium, beginning 2 days after application. In contrast, W-5 caused no apparent inhibition of the cell proliferation rate compared to the control group, nor did it affect the viability of cell growth during incubation for 10 days.
Results
Effects of W-7 and W-5 on Cell Growth and Viability
When the rates of inhibition of W-7 and W-5 in GA-1 cell growth were compared during the exponential growth phase of the cells, W-7 showed a much greater reduction of cell growth in a dose-dependant manner than did W-5 (Fig. 2 left) . Cytotoxicity, ex- pressed as a viability reduction of the cultured cells, increased up to 20% with increasing concentrations of W-7; however, the cytotoxicity of W-5 remained less than 10% (Fig. 2 right) .
Effects of W-7 and W-5 on Biosynthesis
The effect of various concentrations of W-7 and W-5 on the intracellular incorporation of 3H-thymidine showed a dose-dependent inhibition, although lower doses of the agents did not affect incorporation (Fig. 3  upper) . Similar dose-dependent inhibitory effects of W-7 and W-5 on incorporation of 3H-uridine and of 3H-valine into GA-1 cells are demonstrated in Fig. 3 center and lower. Rates of inhibition of DNA, RNA, and protein synthesis by W-7 were higher than those exerted by W-5.
Effect of W-7 on Calmodulin in GA-1 Cells
The calmodulin content in the water-extractable fraction of the GA-1 tumor cells was assayed by radioimmunoassay. The content remained constant at the control level during 12 hours of incubation, then tended to decrease. The addition of W-7 at a concentration of 3H-uridine (center) , and 3H-valine (lower). Plated cells were incubated for 24 hours in an F-10 medium containing 10% fetal calf serum, and the incorporation of each 3H-labeled precursor of DNA, RNA, and protein was examined at various concentrations of W-7 and W-5. Changes are given as a percent of the controls without W-7 or W-5. 50 #M, which corresponds to the 50% inhibitory dosage (IDs0), caused a rapid and significant decrease in intracellular calmodulin to reach nearly half the control value within 2 hours of incubation, and this low level was maintained during further incubation of up to 24 hours (Fig. 4) .
Effect of W-7 on Survival
When GA-1 cells (1 x 10 6 cells) grown in vitro were implanted into rats by intraperitoneal injection, the tumor-bearing animals survived for 14 to 21 days (mean 17 ___ 2.3 days), with progressive enlargement of the abdomen. The intraperitoneal injection of W-7 at various doses prolonged the survival period to 23 to 24 days. The maximum increase in life span (ILS 41.2%) was obtained at a dose of 10.0 mg/kg body weight. By further increasing the dose of W-7 up to 30.0 and 50.0 mg/kg body weight, no better results were obtained, but the animals exhibited no marked side effects of the drug, such as diarrhea or loss of body weight ( Fig. 5 and Table 1 ).
Discussion
The rat astroglioma cell line GA-1 has been transformed in the secondary culture of glioblasts in the presence of an adhesive comprised of epoxy compounds. This cell line has a high proliferating activity comparable to that of the well established C6 astrocytoma cell line; it is about 10 times richer in S-100 protein, is an astroglial marker, and has comparable amounts of other glial markers such as GFAP and a CNPase activity similar to that of C6 glioma. 8 Subsequently, various doses of W-7 were injected intraperitoneally every day for 10 days and the survival days were counted. See also Table 1 .
Calmodulin, a heat-stable calcium-binding protein, is known to be involved in numerous biological processes. 2 Many researchers have reported certain positive correlations between intracellular calmodulin levels and the proliferating activity of malignant tumor cells. 10.14-16 If intracellular calmodulin levels are altered by the external addition of an antagonist, the aberrant growth of the tumor cells can be expected to be suppressed.
The present work demonstrates that the calmodulin antagonist W-7 markedly inhibits proliferation of a cultured glioma (GA-1 cells) with reduced intracellular calmodulin levels, accompanied by decreased biosynthesis of DNA, RNA, and protein (Figs. 1 to 5 ). The mechanism of the inhibitory effect of W-7 on biosynthesis in cultured cells is not quite clear; it may be a direct effect of the calmodulin antagonist or an alteration in intracellular Ca ++ levels. Recent evidence indicates that Ca ++ and calmodulin may be important for cell proliferationP Hidaka, et aL, 5 have shown that alteration of intracellular Ca ++ levels by varying calmodulin levels with the addition of W-7 can regulate the processes of cell division. Taking into account that W-7 rapidly reduced intracellular calmodulin levels in our experiments, inhibition of the biosynthesis of DNA, RNA, and protein for cell growth is most likely a Ca ++-dependent process. Intracellular calmodulin levels are reported to increase at the synthetic (S)-phase, reaching maximum levels at the late gap 2 (G2) and mitotic (M) phase during the course of cell division in culture. 1 Because certain malignant tumor cells have lower concentrations of cyclic adenosine monophosphate
